Abstract Within the Sea of Marmara, the highly active North Anatolian Fault (NAF) is responsible for major earthquakes (Mw 7), and acts as a pathway for fluid migration from deep sources to the seafloor. This work reports on pore water geochemistry from three sediment cores collected in the Gulfs of Izmit and Gemlik, along the Northern and the Middle strands of the NAF, respectively. The resulting data set shows that anaerobic oxidation of methane (AOM) is the major process responsible for sulfate depletion in the shallow sediment. In the Gulf of Gemlik, depth concentration profiles of both sulfate and alkalinity exhibit a kink-type profile. The Sulfate Methane Transition Zone (SMTZ) is located at moderate depth in the area. In the Gulf of Izmit, the low concentrations observed near the seawater-sediment interface for sulfate, calcium, strontium, and magnesium result from rapid geochemical processes, AOM, and carbonate precipitation, occurring in the uppermost part of the sedimentary column and sustained by free methane accumulation. Barite dissolution and carbonate recrystallization have also been identified at deeper depth at the easternmost basin of the Gulf of Izmit. This is supported by the profile of the strontium isotope ratios ( 87 Sr/ 86 Sr) as a function of depth which exhibits negative anomalies compared to the modern seawater value. The strontium isotopic signature also shows that these carbonates had precipitated during the reconnection of the Sea of Marmara with the Mediterranean Sea. Finally, a first attempt to interpret the sulfate profiles observed in the light of the seismic activity at both sites is presented. We propose the hypothesis that seismic activity in the areas is responsible for the transient sulfate profile, and that the very shallow SMTZ depths observed in the Gulf of Izmit is likely due to episodic release of significant amount of methane.
Introduction
For the purpose of risk assessment and monitoring of earthquakes in both Turkey and the Southern Europe, the Sea of Marmara (SoM) has been the subject of numerous investigations over the last decade. The main reason is because it is cut lengthwise by the North Anatolian Fault, a continental transform fault which accommodates 20-27 mm/yr of right-lateral motion between the Anatolian and Eurasian plates Le Pichon et al., 2003; Meade et al., 2002; Reilinger et al., 2006] . This fault has caused devastating earthquakes during historical times, resulting from the rupture of several of its segments [Ambraseys, 2000 [Ambraseys, , 2001 [Ambraseys, , 2002 Ambraseys and Jackson, 2000; Armijo et al., 2005; Barka et al., 2002; Gasperini et al., 2011; Hubert-Ferrari et al., 2000; Kuscu et al., 2009 Kuscu et al., , 2005 Langridge et al., 2002; Le Pichon et al., 2001; Sengor et al., 2005; Ucarkus et al., 2011] . Seismic hazard in the area is particularly high and deserves particular attention in this densely populated region that plays an important role in the economy of the country.
The Sea of Marmara is also characterized by a large number of widespread gas expulsion sites at the seafloor, bubbling up to several tens to hundreds of meters into the water column [Burnard et al., 2012; Dupr e et al., 2010; Gasperini et al., 2012; G eli et al., 2008; Kuscu et al., 2005; Tary et al., 2012; Zitter et al., 2008] . Such gases are primarily of thermogenic origin in the western Marmara, which is geologically connected to the hydrocarbon reservoirs of the Thrace basin, while mainly biogenic gases, i.e., generated by microbial activity, have been collected from the seafloor of the Cinarcik Basin and the Gulf of Izmit (Figure 1 ) [Bourry et al., 2009; Gasperini et al., 2012; Kuscu et al., 2005; Ruffine et al., 2012] . The chemical composition of pore waters is also very heterogeneous from one site to another [Burnard et al., 2012; Cagatay et al., 2004; Halbach et al., 2004; Tryon et al., 2010] . The observed distribution of gases in the shallow sediments may result from the mixing of distinct sources at different depths, and might be controlled by the tectonic activity, in, at least two ways: (1) formation of pathways for fluid migration due to the presence of conduits formed by faulting along the NAF principal deformation zone, whose permeability is controlled by the stress status; (2) remobilization of sediments and gas eventually trapped within the sedimentary sequence as a consequence of seismic shaking or mass wasting induced by major earthquakes. These geologic peculiarities make the Sea of Marmara an interesting observation site for studying relationships between tectonics and fluid migration, and to investigate the potential of gas and fluid emission sites along active faults with the aim of monitoring seismic activity before, during and after large magnitude earthquakes. A recent long-term monitoring experiment carried out close to the eastern termination of the 1999 Mw 5 7.4 Izmit earthquake has confirmed the potential of combining seismological and gas-geochemical observations of the seafloor to study the seismic cycle [Embriaco et al., 2014] . Previous studies of the water column in the Sea of Marmara have shown a systematic association between fluid expulsion sites along the North Anatolian Fault and the fault network, and the basin edges [Dupr e et al., 2010; Kuscu et al., 2005 Kuscu et al., , 2008 . Thus, those faults play an important role in the migration of deepsourced fluids to the seafloor. Accordingly, the inception, intensity, and/or lifetime of these created fluid seeps and plumes may be strongly influenced by the fault activity and seismic events Kuscu et al., 2005 Kuscu et al., , 2008 . In this context, several questions arise. How does the seismic cycle along each NAF segment influence the fluid migration pattern? Or, in other words, are there any systematic differences in the chemistry of pore waters between recently ruptured segments and segments already sealed after a large earthquake? Does microseismicity influence the ''normal'' emission of gas and fluid to the seafloor? Previous studies carried out in different parts of the SoM [Ça gatay et al., 2012; Gasperini et al., 2011; Gasperini et al., 2012; McHugh et al., 2006] attempted to address these questions without providing an ultimate answer. Geochemistry, Geophysics, Geosystems
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In this paper, we present the first study on pore water chemistry at two distinct segments of the North Anatolian Fault within the Gulf of Gemlik (GoG) and the Gulf of Izmit (GoI). These gulfs are characterized by similar tectonic settings but different situations relative to their stress regime. In fact, while the Gulf of Izmit underwent a recent surface rupture due to the 1999 Mw 5 7.4 Izmit earthquake, the Gulf of Gemlik did not undergo large magnitude events in recent times (see next section). One specific question discussed here is whether the sulfate profiles and the recorded seismic activity of these two areas are linked. Such an approach has already been considered in previous work. Halbach et al. [2004] were the first ones who related the transient sulfate profile to tectonic events in the Sea of Marmara. Fischer et al. [2013] move further with this approach and showed that subduction zone earthquake can potentially trigger hydrocarbon seepage which depletes pore water sulfate via the anaerobic oxidation of methane. From a completely different geological setting, Noethen and Kasten [2011] measured similar types of sulfate profile when investigating methane hydrate-bearing settings offshore Congo. They claimed that such profiles reflect sudden change in the methane fluxes. Here this question regarding the link between sulfate profile and the seismic activity will be explored by investigating three cores recovered during the MARMARA-2010 Scientific Cruise on board the R/V Urania.
Geological Settings

Seismotectonic Settings
The North Anatolian Fault splits into three main branches, the north, the middle, and the south branches before reaching the Sea of Marmara [Barka, 1992] . The northern branch enters in the eastern SoM through the Gulf of Izmit (Figure 1 ), forming a 50 km long E-W oriented gulf along this segment and comprising three basins separated by two sills [Barka and Kadinsky-Cade, 1988; Goeruer et al., 1997; Kuscu et al., 2002] . This branch forms a right-lateral step-over , where en echelon normal faults are responsible for subsidence within the gulf. The middle branch enters in the southern shelf of the Sea of Marmara through the GoG. Estimated slip rate suggests that the northern branch accommodates the major part of the slip, between 60 and 80% of the total motion, while the middle and the southern branches between 20 and 40% of the total motion Gasperini et al., 2011; Hearn et al., 2009; Hergert and Heidbach, 2010] .
Earthquake historical catalogs suggest that the last major earthquakes occurred along the middle NAF branch in 1419, 1855, and 1863 [Ambraseys, 2000 [Ambraseys, , 2001 Ambraseys, 2006; Ambraseys, 2006; Gasperini et al., 2011; Gok and Polat, 2012; Gorur and Cagatay, 2010; Karabulut et al., 2011; Pondrelli et al., 2011; Tanircan and Savas, 2011; Yalciner et al., 2002] . Seismological data suggest that a moderate earthquake (M w 5 5.2) occurred along this fault segment in 24 October 2006 [Irmak et al., 2007; Pondrelli et al., 2011] . Conversely, the GoI was struck by a large magnitude earthquake in 1999 (M w 5 7.4) that caused the rupture of the entire Izmit fault segment [Armijo et al., 2005; Ça gatay et al., 2012; Cakir et al., 2003; Gasperini et al., 2011 Gasperini et al., , 2012 . In this area, images of gas-charged sediments [Gasperini et al., 2012; Kuscu et al., 2002 Kuscu et al., , 2005 , polygonal cracks on the basin floor, black sulfide-like sediment patches, and mud volcanoes [Gasperini et al., 2012] suggest that sudden fluid release and sediment fluidization have occurred during this large earthquake.
Paleoenvironmental Context
During the last glacial period, the main paleo-shoreline of the Sea of Marmara was at 85 m below the present-day sea level, and underwent oscillation between 95 and 105 m below the present-day sea level before the Holocene [Cagatay et al., 2004 Eris et al., 2011; McHugh et al., 2006] . This level is ubiquitous in the Sea of Marmara, and coincides with the sill depth of the Dardanelles. In the Gulf of Gemlik, chirp subbottom echo sounder profiles and core correlation suggest that during the last glacial maximum it was a basin characterized by a freshwater environment, most probably separated by the main Marmara basin by a 238 m deep sill. During this lacustrine phase, the eastern GoG was occupied by a prograding delta . The Holocene marine transgression led to the abandoning of this delta, which was dated through the study of a sediment core at 11 kyr BP . The frontal lobe of the Gemlik lacustrine delta was used as a piercing point to estimate the strike-slip rate along the NAF middle strand at 4 6 0.4 mm/yr . In the Karam€ ursel basin (Figure 1) Geochemistry, Geophysics, Geosystems 10.1002 that the central part of this small basin was submerged by lacustrine water during the last glacial maximum and that marine incursion occurred earlier in this basin relative to the eastern G€ olc€ uk basin. Finally, in the western Gulf of Izmit (the Darica Basin, Figure 1 ), a paleo-shoreline located 285 m before the present-day datum was studied by Polonia et al. [2004] . The presence of this feature, abandoned 10,200 6 50 years B.P. and a river channel displaced by the North Anatolian Fault northern strand in the Gulf of Izmit allowed for a slip-rate estimate of 10 mm/yr during the Holocene [Polonia et al., 2004] .
Sampling and Methods
Water Sampling and Analytical Methods
Bottom water samples were collected from CTD-rosette hydrocast for major and minor element analyses. Three gravity cores were taken for pore water sampling, one in the Gulf of Gemlik (ML01, at 113 m water depth) and two in the Gulf of Izmit (ML 04 and ML05, at 37 and 209 m water depth, respectively, Figure 1 ). Coring close to the fault relies on the accuracy allowed for the position system onboard the R/V Urania, which was 61 m. Such an accuracy on the positioning of the coring station was achieved in three ways: (1) the DGPS antenna was virtually placed on the vertical of the coring cable, thus eliminating the offset due to the finite distance between the antenna and the coring winch; (2) the corer was launched for its latest 15/20 m of free-fall only when the inclinometer placed on top of the cable indicates the perfect vertical (6some decimal degrees); (3) the chirp sonar system pinging was turned on while coring, and in the shallow waters investigated here, it was possible to see on the recording the corer reaching the bottom. This also enabled us to compare the stratigraphy of the planned station with that of the ''real'' station. Sediment cores were collected using a 1.2 metric tons gravity corer. In order to preserve the core top, and taking advantage from the softness of the sediments, the corer was operated without trigger and at a relatively low speed of penetration. Radioisotopes measurements carried out on twin cores for marine paleosesimology studies confirm that the core loss is negligible, and the sedimentary sequence is complete and includes sediments as young as at least 1999 . Sampled core coordinates are presented in Table 1 .
After retrieval, the cores were cut into 1 m segments and subsequently transferred to a chemical laboratory onboard R/V Urania. Pore water was extracted using Rhyzon sampler. The latter consists of a hydrophilic, porous polymer tube with 2.5 mm in diameter and 50 mm in length [Seeberg-Elverfeldt et al., 2005] . Rhyzons were inserted into the sediment at a depth resolution of 20 or 30 cm. Immediately after sampling, 1 mL aliquot of sample was used for total alkalinity (Alk) measurements. This was performed by direct titration with ultrapure 0.1 N HCl from a potentiometric tritrator 848 Tritrino Plus from MetrohmV R . The remaining sample volume was stored in 6 mL preevacuated vials and frozen for further analyses onshore.
Methane concentrations were measured by headspace gas chromatography, with an instrument Perichrom 2100 equipped with a flame ionization detector connected to a headspace injector (Dani HSS 86.50), while stable carbon isotopic ratio of methane (d 13 C -CH4 ) was determined with a G2201-i CRDS analyzer from Picarro. The average analytical precision was of 4% and 0.9&, for methane concentration and d 13 C -CH4 , respectively.
Major elements were analyzed using a DionexV R ICS-2000 instrument equipped with an autosampler at the Laboratoire de G eochimie et M etallog enie, Unit e des Geosciences Marines, IFREMER. Anions (sulfate and chloride) were analyzed on an Ionpac AS-17C column of 250 mm in length and 4 mm in diameter equipped with a 4 mm ASRS suppressor. The detection limits were 1.5 and 5 ppm for sulfate and chloride, respectively. Major cations (magnesium and calcium) were analyzed on an Ionpac CS-12A column of 250 mm in length and 4 mm in diameter equipped with a CAES suppressor. The detection limit was 0.1 ppm for both species. All elements were quantified by comparing their peak intensity with equivalently diluted International Association for Physical Sciences of Oceans (IAPSO) standard seawater. The latter was analyzed at the beginning of each run. The estimated accuracy was within 63% of the mole fraction for all ions. Inductively Coupled Plasma Mass-Spectrometer (MC-ICP-MS) from Thermo Scientific at the PSO. A sample volume of 125 lL was taken and mixed up with 1 mL of nitric acid 5 N in a SAVILLEX beaker. The latter was evaporated on a hotplate at 373 K overnight. The residual phase was reacidified with 0.5 mL of nitric acid 3 N, and then loaded onto a column containing a preconditioned crown-ether cation exchange resin Sr Spec (EICHROM, Bruz, France). The resin was previously washed with 2 mL of purified water (Milli-Q, 18.2 MX cm), then 1 mL of nitric acid 3 N. The elution was done with 2.5 mL of nitric acid 3 N and then the strontium collection with 4 mL of nitric acid 0.01 N, followed by 1 mL of purified water. After an evaporation step, the solid-state sample was dissolved in 0.5 nitric acid at 2% (w/w). The results were normalized using the NIST SRM-987 standard and the obtained values are given with an accuracy better than 0.00004.
Chirp Profiles Processing
Chirp-sonar profiles were acquired with the 16 transducers, hull mounted BENTHOS (DATASONICS) CHIRP-II profiler, with operating frequencies ranging between 2 and 7 kHz. The pulse duration was selected between 5 and 15 ms, while the trigger rates varied from 0.25 to 0.5 s, depending on water depth. Data were collected using either the time delay or the multiping techniques, insonifying the water column with several chirp-sonar pings. Digital data acquired by the Communication Technology SWANPRO software were recorded in the XTF format on local disks and transferred on the network upon request. Navigation data were made available to the system as lat/long by NMEA sentences of the DGPS receiver at a rate of approximately 1 Hz or by the PDS2000s NMEA at 1 Hz. The XTF data were then converted to SEG-Y using the SeisPrho software [Gasperini and Stanghellini, 2009] . The latter was also employed for compiling BMP images of the seismic profiles onboard. Processing and filtering of the data (mainly static correction, gain balancing, swell and noise filtering) was also performed with SeisPrho at the ISMAR laboratories.
Numerical Modeling of the AOM
The evolution of the Sulfate Methane Transition Zone (SMTZ) with time was simulated using a numerical transport-reaction model, developed in gPROMS software (Process System Enterprise, PSE Ltd). The model expressed the diagenetic equations [Berner, 1980; Boudreau, 1997] , and takes into account the molecular diffusion of methane and sulfate, upward transport of free methane, as well as the rate of Anaerobic Oxidation of Methane (AOM):
where t is time (year), h is the sediment porosity, x is the depth within the sedimentary column (m), # is the sediment tortuosity, C i and D i are the concentration (mM) and diffusion coefficient (m 2 yr) of the dissolved species ''i,'' respectively, m is the upward fluid velocity, and R AOM is the reaction rate.
The sediment tortuosity was calculated using Boudreau empirical formulation:
The AOM rate was expressed by the following kinetic equation:
with k AOM is the bimolecular rate constant of the reaction. The alkalinity and the concentration-depth profiles for chloride, sulfate and methane (both molecular and isotopic), magnesium, calcium, strontium, and barium are shown in Figures 2 and 3. The gray square indicates the bottom water concentration for the dissolved elements. For core ML01 retrieved in the GoG, the chloride profile displays near-constant concentration values close to that of seawater in the upper part, and then a decrease from 612 to 587 mM at 230 centimeters below seafloor (cmbsf) to downcore. Dissolved sulfate exhibits a kink-type profile where the concentrations remain nearly constant and close to the seawater value from the seawater-sediment interface over the upper 230 cmbsf, followed by an abrupt change in the gradient as the measured values decrease more rapidly. The alkalinity profile has an opposing trend, with near-constant concentration values until 230 cmbsf, and then an increase with depth. Dissolved methane concentration is low over the entire core, and varies between 0.02 and 1.55 lM. Such low concentrations do not allow for the measurements of d 13 C -CH4 . Strontium concentrations are close to that of seawater as well, except at around 130 cmbsf where a peak appears. The latter is likely to be an outlier. Barium concentrations are low as well, with little variations over the full length.
Both cores collected in the Gulf of Izmit display near-seawater chloride concentrations over their full length. It is worth noticing from Figures 2 and 3 that sulfate, calcium, and strontium concentrations at the uppermost part of both Gulf of Izmit cores are abnormally low compared to both the expected seawater values and the measured values at the Gulf of Gemlik.
Sulfate concentration is very low at the uppermost part of core ML04, with a value of 4 mM at 15 cmbsf. It decreases to near-zero value at 70 cmbsf. Core ML05 displays a linear decrease with depth and values fall to below the detection limit at 180 cmbsf. Reciprocally, the methane concentrations are very low at the upper part of the cores, and increase significantly from the depth where sulfate is depleted with values up to 296 lM for core ML05. The increase in methane concentration is weaker for core ML04, with values up to 104 lM downcore. d 13 C -CH4 decreases with depth for core ML04 with values ranging from 275.6 to 259.5&, and a minimum at 220 cmbsf where methane concentration starts increasing with depth. For core ML05, d 13 C -CH4 decreases with depth from 256.7& to 290.6& at the SMTZ, and then increase to downcore. The alkalinity is characterized by high values even at the uppermost part of both cores, with a maximum around 40,000 lM at the sulfate-depleted depth. Calcium and strontium concentrations increase in the upper 70 cm and then decrease downcore in two steps for core ML04. A gradual decrease is observed for core ML05 in the upper 180 cmbsf to values around 2.3-3.5 mM for calcium and 5.6-61 lM for strontium. Constant values are observed downcore for both cores. Core ML04 is characterized by two peaks in barium of 150 and 40 lM at 70 and 220 cmbsf, respectively, whereas near-zero values are observed for core ML05 over its full length.
Strontium Isotopic Composition
The strontium isotope ratios from pore waters for cores ML01 and ML05 do not show significant depth variations (Figure 4a) Figure 4a ) and finally remain relatively constant downcore.
Geophysical Survey
At each coring station, an accurate interpretation of the chirp-sonar profile was performed both onboard, prior of the coring, to verify the depth and the characteristic of the coring site, and after for an accurate processing. In general, the base of the Holocene in the Sea of Marmara is a clear seismostratigraphic horizon, which is easily followed in high-resolution seismic reflection profiles, due to the high acoustic impedance contrast between the Holocene marine deposits above, and the lacustrine units below. This is particularly true in the shallow water environment, where the marine-lacustrine transition is marked by a ravinement surface or by erosion.
The acoustic waves used to insonify the seafloor and subseafloor, ranging in frequency from 2 to 7 kHz, are scattered by gas bubbles in the water column, showing typical patterns in the records. On the other hand, such acoustic signals used to image the shallow subseafloor are very sensitive to the presence of gas in the sediments, which hamper the penetration and generated the characteristic ''blanking'' or ''blind'' windows. All of the selected sampling sites were chosen because: (1) close to the North Anatolian Fault principal deformation zone; (2) close or on top of gas-bearing sediments, as seen by analysis of chirp-sonar profiles; and (3) encompassing a sequence of relative continuous, homogeneous marine sediments, overlapping a lacustrine sequence.
Discussion
Sulfate Consumption and Linked Processes
All three cores have in common a shallow sulfate depletion depth. In anoxic marine sediment, there are two major biogeochemical processes responsible for the sulfate consumption: the mineralization of particulate organic matter and the anaerobic oxidation of methane (AOM) [Borowski et al., 1996; Froelich et al., 1979; Meister et al., 2013; Niewohner et al., 1998; Reeburgh, 1976; Regnier et al., 2011; Wallmann et al., 2006a Wallmann et al., , 2006b ]. This paragraph aims at identifying the dominant process affecting the sulfate concentration in the sedimentary column. Previous seismic surveys at both gulfs revealed the presence of gas-charged sediments, and the chemical analysis of gases emanating from the seafloor at different sites showed that Geochemistry, Geophysics, Geosystems
methane is the dominant fraction, especially at the eastern part of the Sea of Marmara [Bourry et al., 2009; Gasperini et al., 2012; Kuscu et al., 2009 Kuscu et al., , 2005 . Figure 5 represents a chirp-sonar profile obtained during the acoustic survey in the Gulf of Gemlik, where core ML01 has been retrieved. It is likely that the base of the Holocene coincides with the clear unconformity at 122 mbsf. However, no stratigraphic constraints are available because our core is well above. The ''blindness'' of the deposits below such unconformity suggests either the presence of gas or a diagenetic indurated level. In addition, the low methane concentrations together with the absence of a maximum in alkalinity for core ML01 does not allow a direct determination of the process responsible for the sulfate depletion in the GoG. However, the kink-type sulfate profile of Geochemistry, Geophysics, Geosystems 10.1002/2015GC005798 core ML01, characterized by seawater infiltration-simulating concentrations, in combination with the low alkalinity highly suggest that organic matter degradation does not significantly deplete the sulfate pool in the surface sediment at the Gulf of Gemlik. Therefore, it is very likely that AOM is responsible for the sulfate depletion here [Hong et al., 2013; Whiticar, 1999; Whiticar and Faber, 1986] , with a supply from the gascharged sedimentary layer at deeper depth. Thus, the ''blindness'' observed on Figure 5 is due to gas occurrence. A linear least square regression on the three deepest points gives an estimated Sulfate Methane Transition Zone (SMTZ) shallower than 360 cmbsf (Figure 6 ).
For core ML05, the sulfate depletion depth coincides with a maximum in alkalinity, a minimum in d 13 C -CH4 as well as with an increase in methane concentration (Figure 3 ). The same trends can be observed for core ML04 retrieved in the G€ olc€ uk basin except for the depth profile of d 13 C -CH4 which exhibits a minimum at 220 cmbsf. Moreover, the base of the Holocene is around 45 mbsf on the chirp-sonar profile obtained during the acoustic survey at the G€ olc€ uk basin where core ML04 has been recovered ( Figure 7) . We also have evidence of clear erosion due to the fact that this part of the gulf was exposed during the last glacial maximum. Here the pre-Holocene sediments are saturated with gas as revealed by the pore water geochemistry, but no clear evidence of the classical acoustic ''blindness'' indicative of its occurrence. Nevertheless, gas can easily migrate upward through the NAF which is located at less than 50 m away from the core station and affects the sediment around. Besides, the chirp-sonar profile acquired in the Karam€ ursel basin (Figure 8 ) shows a blanking zone below 220 mbsf which clearly indicates the presence of gas saturated sediment.
The combination of all the aforementioned evidence from both geochemistry and geophysics clearly indicates that gas is present within the sedimentary column, and AOM is also responsible for the sulfate depletion in the Gulf of Izmit.
The low d 13 C -CH4 values downcore are indicative of microbial methane generated within the methanogenic zone beneath the SMTZ [Hong et al., 2013; Whiticar, 1999] . The d 13 C -CH4 -depth profiles obtained for the two cores ML04 and ML05 are difference from each other. While core ML05 exhibits a minimum at the SMTZ as commonly seen at methane-seep sites, the minimum value for core ML04 is well below the SMTZ. The overlap between the minimum in d 13 C -CH4 and the SMTZ is due to the carbon isotope equilibration between methane and carbon dioxide [Yoshinaga et al., 2014] . This equilibration leads to 13 C-rich methane when the sulfate concentration is higher than 0.5 mM, and 13 C-depleted methane for lower sulfate concentrations. Here sulfate concentrations are lower than 0.5 mM below the SMTZ for both cores. Thus, the lowest d 13 C -CH4 value found at 220 cmbsf for core ML05 likely indicates that the Geochemistry, Geophysics, Geosystems
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5.2. Process Responsible for the Low Concentration of Sulfate, Calcium, and Magnesium at the Gulf of Izmit As mentioned previously, the sulfate, calcium, and strontium concentrations at the uppermost part of cores ML04 and ML05 are low. Their values near the sediment-seawater interface are much lower than that of the bottom seawater. Simultaneously, values of alkalinity higher than that expected for seawater are observed at the upper part of both cores. When extrapolating linearly to the seafloor level, the sulfate concentrations obtained are still much lower than the seawater value. Due to our confidence in both the efficiency of the coring and the analyses which have followed, it is unlikely that such low values result from the loss of the upper part of the cores during recovery. One possible explanation is that our spatial resolution for the pore water sampling does not enable us to depict accurately the upper part of the profiles, and therefore we are not able to clearly see rapid processes occurring within this sedimentary interval. This is particularly the case at methane seeps characterized by vigorous emission, where the sulfate depletion occurs at depth lesser than meter scale due to advection of free methane [Aloisi et al., 2004a [Aloisi et al., , 2004b Lapham et al., 2008; Wallmann et al., 2006a Wallmann et al., , 2006b Wilson et al., 2014] . Another hypothesis which cannot be discarded owing to the geology of the investigated sites is the loss of the upper part of the sediment due to landslides triggered by the 1999 Izmit earthquake. Evidence of such sedimentary events has already been reported in the area from both Geochemistry, Geophysics, Geosystems In order to test the validity of both hypotheses, we simulated (1) the evolution of the sulfate profile with time after the loss of the upper sedimentary column due to the 1999 Izmit earthquake, and (2) the change Geochemistry, Geophysics, Geosystems
in the flux of the methane due to episodic gas release moving the AOM reaction zone toward the seafloor. For simulation (1), we assumed that straight after the earthquake-triggered lanslide, the sulfate-free and methane-rich sedimentary column is again in contact with seawater. In simulation (2), the sulfate concentration is taken as the bottom seawater value, and we considered that the upward free methane transport changes from 0 (purely diffisive process) to 26.7 6 3 cm yr 21 . This value of upward free methane transport has been optimized from previous study carried out by Halbach et al. [2004] . The k AOM , which influences the change in the curvature of the profile [Chuang et al., 2013] , was optimized on the measured sulfate profiles. A constant porosity of 0.80 was taken. For time computing purpose and in order to focus on the sedimentary sequence above the SMTZ, a model length of 1 and 3 m was applied for ML04 and ML05, respectively.
Only the sulfate profile of core ML04 was reasonably reproduced when considering the lost of the upper sedimentary column (Figure 9 ). For both simulations, best fit was obtained with an upward fluid velocity of 2.3 cm yr 21 , which is within the range of the optimized values obtained by Halbach et al. [2004] . However, one can clearly see that best fit between the simulation and the measured data is at 6 6 1 months after the lost of the sedimentary sequence, and steady state is reached after 21 6 2 years. Figure 9 also shows that it was not possible to reproduced the sulfate profile of core ML05 in a reasonable time scale when one considers the scenario of earthquake-triggrered lanslide. Accordingly, the low concentrations of disolved elements observed at the upper part of cores ML04 and ML05 are not the result of the loss of the upper sedimentary column due to the 1999 Izmit earthquake. Geochemistry, Geophysics, Geosystems
Conversely, the simulation of a change in the upward free methane transport leads to a good fit of the measured dissolved-sulfate profile for both cores (Figure 10 ). In this scenario, we assumed a diffisive profile prior to the release of methane gas into the sedimentary column. It would take around 1.5 and 5.5 years for the system to reach present-day profiles for ML04 and ML05, respectively. The return to a new steady state will take around 7 and 13.5 years for ML04 and ML05, respectively. This is also much less than the elapsed time since the 1999 Izmit earthquake. However, this is in agreement with the short time scale for which steady state is reached at methane seeps [Fischer et al., 2013] . Although for the starting conditions, we assumed here an absence of upward transport of free methane, a sensivity analysis has shown that the time scale to reach a new steady state after the methane discharge remains in the same order of magnitude for an initial upward methane velocity of 1-2 cm yr 21 .
Thus, we believe that the low concentrations observed at the upper part of both cores are the result of rapid geochemical processes consuming sulfate, calcium, and strontium. Moreover, our simulation shows that transient release of methane into the sedimentary column can significantly perturb sulfate profile, and the latter may keep a record of that perturbation decades before the setting up of a new steady state.
Solid Mineral Phase-Involving Processes
The profiles from Figures 2 and 3 highlight the occurrence of several geochemical reactions as important concentration variations with depth are observed for the pore water elements. These variations reflect the reactivity of the elements at the investigated sedimentary intervals, especially their transfer from or into solid mineral phases. Hence, the following section aims at inferring the occurrence of solid mineral phaseinvolving processes at both gulfs based on the pore water geochemistry.
Carbonate-Associated Processes
Aragonite, Mg-calcite, and dolomite are typical authigenic carbonates encountered at cold seep environments [Baker et al., 1981; Bayon et al., 2007 Bayon et al., , 2009 Burton, 1993; Burton and Walter, 1987; Cangemi et al., 2010; Cremiere et al., 2012; Feng and Roberts, 2011; Feng et al., 2009; Himmler et al., 2010; Moore et al., 2004; Pierre et al., 2012; Vanneste et al., 2012] . They all imply an uptake of bicarbonate, calcium, magnesium, and strontium from the surrounding pore water during their formation; and reciprocally they all release those elements when undergoing a dissolution process. Hence, the evolution of Mg 21 /Ca 21 and Sr 21 /Ca 21 ratios in pore waters, solid carbonates, and/or sediments are useful for the identification of the nature of the precipitated carbonate phases [Bayon et al., 2007; Noethen and Kasten, 2011] . Here we apply the same methodology to our pore water samples in order to get insight into the carbonate-associated processes which take place in the shallow sediment at both gulfs. Geochemistry, Geophysics, Geosystems concentration profiles of these elements show an increase until 70 or 120 cmbsf, followed by a decrease to 200 cmbsf (Figure 3 ). In addition, as mentioned earlier, the 87 Sr/ 86 Sr versus depth profile displays a source of strontium less radiogenic than that of modern seawater at 120 cmbsf which diffuses downward (Figure 4) . Such a profile is generally attributed to carbonate recrystallization at cold seeps [Scholz et al., 2009] . The recrystallization leads to the release of strontium with an isotopic signature characteristic of the fluid from which the carbonates have originally precipitated [Gieskes et al., 1986; Ussler et al., 2000] . This is in agreement with Figures 4b and 4c , respectively. In fact, when considering seawater value and the ratio of 0.70865 (value at the inferred source) as end-members, one can see that all the samples fall onto the dashed mixing line (Figure 4b) . Moreover, the minimum value of 0.70865 for the 87 Sr/ 86 Sr ratio found at 120 cmbsf is very close to that measured on calcite-rich materials (mollusk shells) collected in the Sea of Marmara and which were preserved during the marine water incursion from the Mediterranean Sea [Vidal et al., 2010] . Previous studies have shown that the mixing of the two different water masses, marine water of the Mediterranean Sea and the lacustrine water of the Sea of Marmara, has also promoted the precipitation of carbonates [Cr emière et al., 2013; Reichel and Halbach, 2007] . Therefore, it is likely that the carbonate layer which is currently undergoing a recrystallization has presumably been formed circa 9 kyr B.P. during the reconnection of the G€ olc€ uk basin with the Mediterranean Sea [Cagatay et al., 2003; Eris et al., 2011; McHugh et al., 2008] . In contrast, core ML05 is characterized by an increase of Mg 21 /Ca 21 and Sr 21 / Ca 21 ratios down to the SMTZ which is indicative of carbonate precipitation at this sediment horizon.
Barite Precipitation
At cold seep environments, downward-migrating sulfate-rich seawater reacts with ascending barium-rich fluid to form a barite front just above the SMTZ [Aloisi et al., 2004a [Aloisi et al., , 2004b Henkel et al., 2012; Kasten et al., 2012; Snyder et al., 2007; Solomon and Kastner, 2012] . Upon burial and/or increase in the methane flux, the barite front enters into the sulfate-free zone below the SMTZ and starts to dissociate in order to reach thermodynamic equilibrium with the surrounding pore water. The released barium in turn, diffuses upward and reprecipitates at the subsequently shallower SMTZ horizon which was newly formed. Cores ML01 and ML05 do not show any evidence of barite precipitation as they exhibit low concentrations over their full length Geochemistry, Geophysics, Geosystems
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( Figures 2 and 3 ). In contrast, pore waters from core ML04 are characterized by high barium concentrations below the SMTZ (Figure 3) . A pronounced maximum is observed around 70 cmbsf with values reaching 150 lM. This reflects the dissolution of a barite front just below the SMTZ. A secondary maximum value of 34 lM is also observed at 220 cmbsf and may correspond to the relic of an ancient barite front.
5.6. Seismic Activity and Sulfate Profiles at the North Anatolian Fault: Are They Linked? This part of our study aims to examine the possible link between the sulfate profiles obtained from our investigated cores and the seismic activity at the two respective gulfs. The chirp-sonar profiles combined with the pore water analyses indicate the presence of gas-bearing sediment in both gulfs. On the other hand, the kink-type sulfate profile for core ML01 with values close to that of seawater over the upper 230 cmbsf means that locally methane does not reach the seafloor: it is entirely consumed by AOM at the SMTZ located deeper. However, such a sulfate profile characterized by a two-step gradient and a SMTZ located at a depth in between 2.5 and 10 mbsf is the most encountered profile type in the Sea of Marmara, especially at sites along the NAF [Cagatay et al., 2004; Halbach et al., 2004; Tryon et al., 2010; Zitter et al., 2008] . Therefore, it can be considered as the reference sulfate profile for this seismic area. Such a type of profile was attributed to methane bubbles rising at high rate through the sedimentary column to the seafloor [Haeckel et al., 2007] . Thus, methane ebullition is likely responsible for the kink-type sulfate profile commonly encountered along the NAF as a large number of gas plumes have been detected there [Dupr e et al., 2015] . However, we believe that such a methane ebullition does not currently occur in our sampled sites because the rising rate should be high enough to allow seawater infiltration over few meters depth within the sedimentary column. Assuming that it was the case, this would likely create a plume into the water column detectable on the chirp-sonar profiles, as from previous investigations in this area performed with the same hull mounted profiler [Gasperini et al., 2012] . The latter did not detect any evidence of gas plume. In addition to the absence of gas plumes at our sampled sites, it is important to notice that the Gulf of Gemlik area has not experienced large earthquakes (M w > 7) in the recent years, whereas the large 1999 Izmit earthquake in the Gulf of Izmit was reported to release gas from the sediment into the water column [Kuscu et al., 2005] . Thus, the rupture of the North Anatolian Fault segment here has likely facilitated the upward movement of methane into the sedimentary column in the Gulf of Izmit [Kuscu et al., 2005] , leading to its accumulation at the uppermost part. The latter has enhanced the AOM coupled with the precipitation of carbonates at very shallow SMTZ depth, resulting in the depletion of sulfate, calcium, magnesium, and strontium as observed for the cores ML04 and ML05.
Furthermore, Figure 12 summarizes the evolution of the seismicity at both gulfs from the 1999 Izmit earthquake main shock to 2010 [Karabulut et al., 2011] . All these seismic data were taken from the seismicity Geochemistry, Geophysics, Geosystems
catalog compiled by Karabulut et al. [2011] in order to carry out a spatial analysis (see information herein). The collected data come from station networks of KOERI, IZINET, IPGS, LGTI, CINNET, and TUBITAK, and the recorded seismic events are of magnitude in between 1 and 8. As it was well explained by Karabulut et al. [2011] , one can clearly see that the seismic activity is very high after the 1999 Izmit earthquake at the two westernmost basins in the Gulf of Izmit where the cores were collected, while a weak activity is recorded in the Gulf of Gemlik. Since this big event, the seismic activity in the Gulf of Izmit considerably decreased to become nearly undetectable from the installed stations, whereas an increasing activity is observed in the GoG with a peak of occurrences at the year interval [2005] [2006] [2007] . The latter is likely related to the M w 5 5.2 earthquake which occurred in 2006 in the vicinity of our core site.
Based on all aforementioned elements regarding the type of the sulfate profiles, the SMTZ depth as well as the seismic-activity distribution, we propose the hypothesis that the seismic activity of the areas is a major factor responsible for the transient state of the sulfate profiles by inducing variations in the upward methane flux. In addition, the results of our simulation show that an increase in the methane flux induces a strong perturbation on the sulfate profile which is dissipated within a decade, as the system will return to a new steady state (Figure 10 ). The fact that methane does not reach the water column for core ML01 while a Geochemistry, Geophysics, Geosystems 10.1002/2015GC005798 M w 5 5.2 earthquake has occurred a decade ago (2006) in the area, together with the absence of detectable gas plumes, suggests that only important events like the 1999 Izmit earthquake can trigger intense gas release through faults or strong gas movement from ground shaking. Consequently, this will increase the free methane flux, and give rise to a shoaling of the SMTZ to the very near-seafloor sedimentary layer as observed in Figure 10 .
Thus, according to our hypotheses, small to moderate seismic events in the Sea of Marmara would preferentially keep the sulfate profile at transient state while large earthquakes would release large volumes of methane and quickly make the SMTZ evolve to very shallow depth. However in order to validate our hypothesis, more data on pore fluids, gas seeps, and seismicity at key areas along the North Anatolian Fault will be needed over a long period of time. Such an investigation can be part of a long-term monitoring program of seismicity in the Sea of Marmara.
Conclusion
The present paper had two goals:
The primary one was to document on pore water geochemistry from cores recovered in the Gulfs of Izmit and Gemlik. The results indicate that the anaerobic oxidation of methane coupled with sulfate reduction occurs at both investigated areas. The results from the core collected in the G€ olc€ uk basin revealed the occurrence of barite dissolution beneath the SMTZ and carbonate recrystallization at 120 cmbsf. The latter has likely precipitated during the reconnection of the easternmost basin of the Sea of Marmara with the Mediterranean Sea.
The second goal of this study was to lay the foundation of possible interrelations between pore water sulfate and the seismic activity in the Marmara region. Therefore, an attempt to explain the shape of the sulfate profiles through the lens of the seismic activity of both gulfs was proposed here. We argued that such an activity is responsible for the kink-type sulfate profile with a fluctuating SMTZ-depth encountered along the North Anatolian Fault. We also speculated that only seismic events characterized by an important energy and methane release can strongly impact on the sulfate concentration, leading to profiles with very shallow SMTZ. This interpretation, although preliminary, offers an interesting route for investigating possible relationships between the spatial distribution of sulfate profile along the North Anatolian Fault, gas seep intensity and the seismic activity at key locations. The temporal aspect would also be contemplated in the frame of long-term monitoring of the North Anatolian Fault. technical supports to handle the cores and collect the samples. Pierre Henry is also acknowledged for valuable and constructive comments. Karabulut Hayrullah from the Bo gazic¸i UniversituKandilli Observatory and Earthquake Research Institute, Bohnhoff Marco from GZF-Potsdam, and Schmittbuhl Jean from IPGS are greatly acknowledged for providing the seismic catalogs presented in Figure  10 . We appreciate David Fischer and an anonymous reviewer for careful and thorough reviews, which improve the quality of the previous version. Data used in the present paper are from IFREMER and accessible upon request, interested readers can contact the corresponding author Livio Ruffine (livio.ruffine@ifremer.fr).
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